Abstract Methylenetetrahydrofolate reductase (MTHFR) and methionine synthase reductase (MTRR), riboflavindependent enzymes, participate in homocysteine metabolism. Reported effects of riboflavin status on the association between the MTHFR 677C[T polymorphism and homocysteine vary, and the effects of the MTRR 66A[G or MTRR 524C[T polymorphisms on homocysteine are unclear. We tested the hypothesis that the effects of the MTHFR 677C[T, MTRR 66A[G and MTRR 524C[T polymorphisms on fasting plasma total homocysteine (tHcy) depend on riboflavin status (erythrocyte glutathionine reductase activation coefficient, optimum:
Introduction
Methylenetetrahydrofolate reductase (MTHFR) and methionine synthase reductase (MTRR) are flavoproteins. Flavin adenine dinucleotide (FAD) is a cofactor for MTHFR and the N-terminal and C-terminal domains of MTRR bind flavin mononucleotide and FAD, respectively (Leclerc et al. 1998; Olteanu and Banerjee 2001) . These enzymes play a key role in homocysteine metabolism ( Fig. 1) and are affected by the common polymorphisms, MTHFR 677C[T (Frosst et al. 1995) , MTRR 66A[G (Wilson et al. 1999) or MTRR 524C[T (Olteanu et al. 2002) .
MTHFR catalyses the conversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate that provides a methyl group for the remethylation of homocysteine to form methionine. The MTHFR 677C[T polymorphism causes reduced affinity of the protein for FAD (Guenther et al. 1999 ). This results in reduced enzyme activity (Frosst et al. 1995; Yamada et al. 2001 ) and increased tHcy (Frosst et al. 1995; Gudnason et al. 1998) in TT homozygotes. Folate appears to stabilise the binding of FAD to MTHFR (Guenther et al. 1999 ) and probably explains why tHcy is not elevated in the presence of the polymorphism when folate status is good (Jacques et al. 1996; Ma et al. 1996; Yang et al. 2008; Holmes et al. 2001) .
A few studies have considered riboflavin status and shown that the 677TT genotype is associated with high tHcy when riboflavin status is low. The effect was limited to (Jacques et al. 2002; Caudill et al. 2009 ) or enhanced in (Hustad et al. 2000) people with low folate status in three studies, while another study observed this effect across the folate status range in carriers of the variant 677T allele (Hustad et al. 2007 ). The apparent discrepancies in the span of the riboflavin effect between studies might be due to differences in study designs, participant sources and characteristics, statistical power, exposure to mandatory fortification of flour with folic acid and lack of consideration of the effect of multivitamin supplement use. Another study reported that riboflavin supplementation led to a reduction in tHcy, even when folate status was low and was limited to participants with the MTHFR 677TT genotype (McNulty et al. 2006) .
Methionine synthase (MS/MTR) catalyses the remethylation of homocysteine to produce methionine. Throughout the remainder of the article, we will refer to this enzyme as ''MS''. Its cofactor, methylcobalamin, cycles between different oxidation states and is prone to oxidative inactivation. MTRR reactivates MS by reductive remethylation of cob(II)alamin to methylcob(III)alamin (Leclerc et al. 1998; Olteanu and Banerjee 2001) . MTRR also acts as a chaperone in the stabilisation of apoMS to favour holoMS formation (Yamada et al. 2006) . The MTRR 66A[G and MTRR 524C[T polymorphisms are both associated with reduced affinity of MTRR for MS and less efficient reactivation (Olteanu et al. 2002) . So far, to the best of our knowledge, no investigation of the association between the MTRR 524C[T polymorphism and tHcy has been reported.
Reports on the effect of the MTRR 66A[G polymorphism on tHcy vary from no association in some studies (Wilson et al. 1999; Brilakis et al. 2003; Jacques et al. 2003) to increasing tHcy (Gaughan et al. 2001) or borderline significantly higher tHcy compared to the 66AA genotype (p = 0.07) (Kluijtmans et al. 2003) in the presence of the variant allele.
We hypothesised that the effects of each of the MTHFR and MTRR polymorphisms on tHcy depend on riboflavin status. High folate status in the case of MTHFR or cobalamin in the case of MTRR may mask or override riboflavin-dependent effects. We tested our hypothesis in adults that were unexposed to mandatory fortification of flour with folic acid or to B vitamin supplement use. Vitamin B6 intervenes in homocysteine metabolism via the transulfuration pathway. The mitochondrial glycine cleavage system is an important vitamin B6-dependent source of 5,10-methylenetetrahydrofolate and serine hydroxymethyltransferase, a pyridoxal phosphate-containing enzyme, that catalyses the conversion of serine to glycine and intersects in the folate cycle at the point of conversion of tetrahydrofolate to methylenetetrahydrofolate (substrate for MTHFR). Therefore, we also considered the effect of vitamin B6 status on the associations of interest. Fig. 1 Illustration of the roles of MTHFR and MTRR in the folate cycle and homocysteine remethylation. SHMT serine hydroxymethyltransferase, MTHFR methylenetetrahydrofolate reductase, MS methionine synthase, MTRR methionine synthase reductase, THF tetrahydrofolate; CH 2 THF 5,10-methylenetetrahydrofolate, CH 3 THF 5-methyltetrahydrofolate. Circles indicate enzymes that require riboflavin (B2) or vitamin B6
Materials and methods

Participants
The study was carried out between 1998 and 2002 by the Area of Preventive Medicine and Public Health, Universitat Rovira i Virgili in collaboration with the municipal medical clinics of three towns in Tarragona province. The study design and recruitment procedures have been described previously (Berrocal-Zaragoza et al. 2009 ). Briefly, 771 adults (aged 18-75 years) participated in the study. They were recruited from a representative sample of ostensibly healthy adults, stratified by age and sex that was selected from the town hall population registers. B vitamin users and pregnant or lactating women were excluded. The study was approved by the Hospital Universitari Sant Joan de Reus and Fundació Jordi Gol i Gorina Ethics Committees (PI Joan D Fernàndez-Ballart, CEIC 30/06/1998; ref: 03-03-20/3proj2). All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2000. Informed consent to be included in the study was obtained from all participants.
Participants had a medical and health check-up in which detailed anthropometric, health and lifestyle data were recorded.
Samples
Fasting blood samples were collected into EDTA-K 3 and non-treated vacutainers for plasma and serum determinations, respectively. Samples were kept at 4°C until they were processed, strictly within 2 h of collection. Aliquots of plasma and serum were stored at -80°C in the IISPV bio bank (http://www.iispv.cat/plataformes_de_suport/en_ biobanc.html) until analysed. Erythrocyte haemolysates were prepared on ice as previously described (Mount et al. 1987 ) and stored in aliquots at -80°C until defrosted once for erythrocyte glutathione reductase activation coefficient (EGRAC) and erythrocyte aspartate aminotransferase activation coefficient (EASTAC) determinations.
Biochemical analyses EGRAC and EASTAC are functional measurements of riboflavin and vitamin B6 status, respectively. For EGRAC, erythrocyte glutathione reductase activity without (basal) and with added FAD (stimulated) is determined. The activation coefficient is obtained by dividing stimulated by basal activity (Mount et al. 1987) . The principal of the assay is based on how added FAD affects the enzyme's activity. When the enzyme is saturated with FAD, added FAD does not change its activity and the resulting activation coefficient is 1. Activation coefficients with values greater than 1 are indicative of use of added FAD to saturate the enzyme. The greater the EGRAC value, the lower the status in riboflavin. This functional assay in erythrocytes measures long-term riboflavin status. Vitamin B6 status was determined using the EASTAC assay which is based on measuring the activation coefficient of aspartate aminotransferase using pyridoxal 5 0 -phosphate (PLP) by a similar technique to that of EGRAC. Both assays were performed on the COBAS Mira auto analyser (Roche, Basel, Switzerland) as previously described (Mount et al. 1987) as was serum creatinine using the Jaffé technique (kit ref. 998891, Química Clínica Aplicada S.A., Amposta, Spain). tHcy was determined by fluorescence polarised immunoassay on the IMx autoanalyser (Abbott Laboratories Diagnostics Division, Abbott Park, IL, USA). Plasma folate and cobalamin were determined by microbiological assays using Lactobacillus casei (Molloy and Scott 1997) and Lactobacillus leichmannii (Kelleher and Broin 1991) , respectively. DNA was extracted from the leucocytes obtained from the blood samples using the Puregene DNA extraction kit (Gentra Systems, Minneapolis, MN, USA). The MTHFR 677C[T (rs1801133) polymorphism was determined as previously described (Frosst et al. 1995) . The MTRR 66A[G (rs1801394) and MTRR 524C[T (rs1532268) polymorphisms were determined using Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry (MALDI-TOF MS) (Meyer et al. 2004 ).
Statistical analysis
Natural log transformation was applied to variables that were not normally distributed where required for the application of statistical tests. ANOVA was used to compare means and the Chi-square test to compare categorical variables between groups and to check whether the genotype distributions were in Hardy-Weinberg equilibrium.
Riboflavin status was categorised according to the following EGRAC values: \1.2: optimum; 1.2-1.4: marginally deficient; C1.4: deficient (McCormick et al. 1994 ). Vitamin B6 status was categorised according to the following EASTAC values: \1.6: optimum; C1.6: deficient (Sauberlich et al. 1972) . Plasma folate in the highest tertile (C14.7 nmol/L) was categorised as the reference (adequate) folate status category and plasma cobalamin above the lowest quartile ([273 pmol/L) as the reference cobalamin status category. The effect of the variant alleles on tHcy were studied for each of the polymorphisms by combining the heterozygote and homozygote genotypes and comparing them with the homozygote wild-type genotypes (reference group). The effects of MTHFR or MTRR substrates (plasma folate or cobalamin, respectively), riboflavin (EGRAC) and the polymorphisms on tHcy (dependent variable) were tested using multiple linear regression analysis. The models were adjusted for age, sex, BMI, study centre, smoking habit (smoker versus non-smoker), alcohol intake (g/week), socioeconomic level [based on Spanish Epidemiology Society guidelines (Á lvarez-Dardet et al. 1995) ], serum creatinine and EASTAC. The models that explored the relationship between the MTRR polymorphisms and tHcy were also adjusted for presence of the variant MTHFR 677T allele. We tested whether riboflavin status affects the relationship between the polymorphisms and tHcy by introducing interaction terms (EGRAC x genotype) into the regression models as independent variables.
Further analysis in models that were stratified by riboflavin status (deficient, marginally deficient or optimum) was undertaken to determine whether the effects of the polymorphisms varied according to riboflavin status. Subsequently, further stratification by folate status in the case of the MTHFR models or by cobalamin status in the case of the MTRR models was performed to investigate whether low or normal-high folate or cobalamin status affects the association between the polymorphisms and tHcy. Significance level was set at p \ 0.05 for bilateral contrasts. Statistical analysis was performed using SPSS 22.0 (Statistical Package for Social Sciences, Chicago, IL, USA).
Results
B vitamin status, plasma creatinine and lifestyle characteristics according to sex and age group are shown in Table 1 .
The worst riboflavin, folate and vitamin B6 statuses were observed in participants under 35 and the best in participants over 60.
B vitamin status parameters according to the different genotypes are reported in (Table 2) . Plasma folate was lower and tHcy was higher in the presence of the variant MTHFR 677T allele compared to the 677CC genotype. No other differences in any of the B vitamin status parameters were observed between the different genotype (MTHFR or MTRR) groups studied. Carriers of the variant MTRR 66G allele tended to have higher tHcy than the 66AA genotype (p = 0.063). Plasma cobalamin was lower in the MTRR 66 AG genotype compared to the others, but this might be a random finding, given that it did not differ between the homozygote mutant and wild types. tHcy did not differ among the different MTRR 524C[T genotypes.
Compared to participants with the MTHFR 677CC genotype, tHcy was 8.2 % higher in the 677CT genotype (p \ 0.01) and 22.4 % higher in the MTHFR 677TT genotype (p \ 0.001) when plasma folate was below the reference category (data not shown).
When we stratified by cobalamin status, we observed no difference in tHcy between carriers of the variant MTRR 66G allele compared to 66AA. tHcy was 13.7 % higher in carriers of the MTRR 524T variant allele with low cobalamin status (B273 pmol/L) compared to the 524CC genotypes (p \ 0.01). Figure 2 shows the effect of riboflavin status (panel a) or riboflavin status combined with folate status (panel b) on the association between the MTHFR 677C[T genotype and tHcy in multivariate regression models adjusted for numerous factors. Carriers of the variant MTHFR 677T allele with marginally deficient or deficient riboflavin status had on average 9.6 and 9.2 % higher tHcy compared to the reference group. There was no difference in tHcy between carriers of the variant allele and participants with the MTHFR 677CC genotype when riboflavin status was optimum. However, regardless of folate status, tHcy tended to be higher than the reference group when riboflavin status was marginally deficient and was higher when it was deficient (panel b). The associations between vitamin B6 and tHcy are not shown in the graph. However, in these models, we observed that vitamin B6 was inversely associated with tHcy when riboflavin status was optimum (2.6 % more tHcy with an increase of 0.1 units of EA-STAC). Further stratification by folate status showed that the association between vitamin B6 and tHcy (2.7 % more tHcy with an increase of 0.1 units of EASTAC) was restricted to participants with low plasma folate status (\14.7 nmol/L). Figure 3 shows the effect of riboflavin status (panels a and c) or riboflavin status combined with cobalamin status (panels b and d) on the association between the MTRR 66A[G or MTRR 524C[T polymorphisms and tHcy in multivariate regression models adjusted for numerous factors. The difference in tHcy between carriers of the 66G allele and those with the MTRR 66AA genotype was greater in participants with optimal or marginally deficient riboflavin status than in the deficient status category (p for interaction: 0.059) (panel a). No effect of riboflavin status on the association between the polymorphism and tHcy was observed when cobalamin status was [273 pmol/L. Limiting the analysis to participants with plasma cobalamin B273 pmol/L, the difference in tHcy between carriers of the 66G allele and those with the MTRR 66AA genotype was greater in participants with optimum riboflavin status than in the other riboflavin status categories (p for interaction: 0.034) (panel b). No difference in tHcy between carriers of the variant MTRR 524T allele and the MTRR 524CC genotype was observed when the analysis was based on riboflavin status (panel c). Although there was no effect of the genotype on tHcy when plasma cobalamin [273 pmol/L, tHcy was higher than the reference group when low cobalamin In the case of the models for each of the MTRR polymorphisms, vitamin B6 was inversely associated with tHcy when riboflavin status was optimum (2.3 and 2.4 % more tHcy with an increase of 0.1 units of EASTAC for MTRR 66A[G and MTRR 524C[T polymorphisms, respectively) and further stratification by cobalamin status showed that the association between vitamin B6 and tHcy was restricted to participants with plasma cobalamin [273 pmol/L (2.5 and 2.6 % more tHcy with an increase of 0.1 units of EASTAC for MTRR 66A[G and MTRR 524C[T polymorphisms, respectively), data not shown in the graph. .7 nmol/L) (b). LntHcy was the dependent variable in the multiple linear regression analyses represented in both panels. The models were adjusted for plasma cobalamin, folate and creatinine, EASTAC, smoking habit (smoker versus nonsmoker), alcohol intake (g/week), age, sex, BMI, socioeconomic level and study centre. The interaction term (EGRAC 9 genotype) was included in the models and, when significant, indicated that riboflavin status altered the association between the genotype and tHcy. All of the models were significant (p \ 0.001) with R 2 ranging from 0.308 to 0.631. *p \ 0.05 compared to MTHFR 677CC
Discussion
This study found that carriers of the variant MTHFR 677T allele had higher tHcy than the participants with the MTHFR 677CC genotype when riboflavin status was marginally deficient or deficient, regardless of folate status. Optimum riboflavin status appeared to obliterate the effect of the variant MTHFR 677T allele on tHcy because no effect was observed in this case, even when folate status was low. For the first time, we report on the effect of cobalamin or riboflavin status on the associations between the MTRR 66A[G or MTRR 524C[T polymorphisms and tHcy. There was virtually no effect of riboflavin on these associations when cobalamin status was normal-high. However, when cobalamin status was low (B273 pmol/L), the difference in tHcy between carriers of the variant 66G allele and participants with the MTRR 66AA genotype was greater in the optimum compared to the other riboflavin status categories. A similar effect was also observed in the case of the MTRR 524C[T polymorphism although the effect was weaker and was only borderline significant in the case of the optimum riboflavin status group. These results indicate that riboflavin status modifies the associations between the polymorphisms studied and tHcy and that the effects of the polymorphisms on tHcy depend on interactions between riboflavin and the substrates of the corresponding enzymes.
64.1, 74.1 and 59.8 % of the population were carriers of at least one variant allele of the MTHFR 677C[T, MTRR 66A[G and MTRR 524C[T polymorphisms, respectively. Models were adjusted for plasma cobalamin, folate and creatinine, EASTAC, smoking habit (smoker versus non-smoker), alcohol intake (g/week), age, sex, MTHFR 677C[T polymorphism, BMI, socioeconomic level and study centre. The interaction term (EGRAC 9 genotype) was included in the models and, when significant, indicated that riboflavin status altered the association between the genotype and tHcy. All of the models were significant (p \ 0.001) with R 2 ranging from 0.309 to 0.887 for the MTRR 66A[G polymorphism and from 0.309 and 0.591 for the MTRR 524C[T polymorphism. *p \ 0.05 variant MTRR 524T allele compared to 524CC
The prevalences of the polymorphisms were similar to previous reports for MTHFR 677C[T (Wilson et al. 1999; Gudnason et al. 1998; Wilcken et al. 2003) but higher than in studies from the USA (70.4 %) (Rady et al. 2002) or Northern Ireland (66 %) (Gaughan et al. 2001) for MTRR 66A[G, higher than studies from the Czech Republic 34.6 % (Pardini et al. 2011) or the USA 36.0 % (Stevens et al. 2008) , but similar to an Iranian study, 56.9 % for MTRR 524C[T (Pishva et al. 2013) .
The worst statuses in folate, riboflavin and vitamin B6 were observed in men and women below 35 years of age. This is of concern given the established risk of neural tube defect-affected pregnancies associated with low periconception maternal folate status (MRC vitamin study research group 1991; Czeizel and Dudas 1992) and also due to the increased risk of elevated tHcy that we observed in carriers of the mutant alleles of any of the polymorphisms with low or imbalanced status in the vitamins studied. Plasma folate was lower and tHcy higher in carriers of the variant MTHFR 677T allele compared to the reference group. However, this effect was not observed when riboflavin status was optimal. In this case, vitamin B6 then became the limiting factor. Its inverse association with tHcy, though weaker than the other vitamins studied, was only observed in the optimal riboflavin status group and further stratification by folate status showed that the association was restricted to participants with plasma folate below the reference category (\14.7 nmol/L). In the case of the MTRR polymorphisms, elevated tHcy was only observed in carriers of the variant alleles compared to their respective homozygote common groups when there was an apparent imbalance between cobalamin and riboflavin status (low cobalamin status combined with marginally deficient or with optimal riboflavin status). Although the effects of vitamin B6 status on tHcy were weaker than those of folate and cobalamin, they were also seen to vary depending on the status of the other B vitamins investigated. Stratification by folate or cobalamin status showed that the association between vitamin B6 and tHcy was restricted to participants in the low plasma folate tertile (\14.7 nmol/L) or the high cobalamin group ([273 pmol/L).
Folate status in our study (mean plasma folates of 12.4 nmol/L in men or 14.3 nmol/L in women) was lower than observed since mandatory fortification of flour with folic acid has been introduced in the USA (the NHANES study reported mean serum folates of 38.9 and 43.2 nmol/L in men and women, respectively) (Pfeiffer et al. 2012) and also lower than in other European studies (McNulty et al. 2006) . This may also reflect low exposure to voluntary folic acid fortification in our study (Berrocal-Zaragoza et al. 2009 ). Over a third of the participants had deficient riboflavin status based on the EGRAC criteria applied. The UK National diet and nutrition survey reported that 82 % of men and 77 % of women in the youngest age groups (19-24 years) were deficient in riboflavin. Unlike Europe, the USA has the policy of adding back the riboflavin to flour that is lost during milling (Cowgill 1951) . Based on studies with EGRAC measurements, there are reports of better riboflavin status in the USA (mean EGRAC, 1.06 in healthy elderly people (Alexander et al. 1984) ) compared to population studies in France (Preziosi et al. 1999 ) and the UK (Ruston et al. 2004; Powers et al. 2007 ) that reported mean EGRACs from 1.32 to 1.40. The UK National diet and nutrition survey also found that 10 % of men and 11 % of women were deficient in vitamin B6, but there were no differences between age groups (Ruston et al. 2004 ). The Framingham offspring study reported higher tHcy when plasma riboflavin was \6.89 nmol/L compared to C11.0 nmol/L in MTHFR 677TT participants with plasma folate \12.5 nmol/L (Jacques et al. 2002) . Similar results were also seen in a Norwegian study but the effect of riboflavin status, though still significant, was considerably smaller in MTHFR 677TT participants with plasma folate above the median (13.7 nmol/L) than below the median (Hustad et al. 2007) . A study of Mexican-American men reported that riboflavin was inversely associated with tHcy in MTHFR 677TT participants with low/deficient plasma folate and plasma riboflavin at the end of a 12-week choline feeding regime (Caudill et al. 2009 ). By comparison, in European studies, the inverse effect of riboflavin on tHcy, although confined to MTHFR 677T allele carriers (Hustad et al. 2000) or to the 677TT genotype (Hustad et al. 2007; McNulty et al. 2006) , was observed across the plasma folate ranges. Despite several differences in the study designs and selection criteria used to include participants in the different genotype groups, globally studies to date report a riboflavin effect on tHcy that is confined to the MTHFR 677TT genotype or apparently driven by it. The reduction of tHcy in participants with the MTHFR 677TT genotype by riboflavin supplementation (McNulty et al. 2006) showed that this strategy was effective in correcting the consequences of the abnormal enzyme function at the site of the defect. Our results support this hypothesis because carriers of the variant MTHFR 677T allele with optimum riboflavin status had similar tHcy to the reference group (MTHFR 677CC), and independently of folate status.
A Canadian spina bifida study (Wilson et al. 1999 ) and two USA studies of coronary heart disease risk and control families (Brilakis et al. 2003) and coronary angiography patients (Jacques et al. 2003 ) reported no effect of the MTRR 66A[G polymorphism on tHcy. The former USA study adjusted the analysis for cobalamin status and the latter investigated the effect of cobalamin status on the association between the polymorphism and tHcy and also adjusted for the MTHFR 677C[T polymorphism. None of these studies considered riboflavin status. Separate Northern Ireland studies reported higher tHcy in the MTRR 66GG compared to MTRR 66AA genotype (Gaughan et al. 2001) or a tendency for higher tHcy in MTRR 66G allele carriers compared to participants with the MTRR 66AA genotype (Kluijtmans et al. 2003) . We found that when cobalamin status is low, the difference in tHcy between carriers of the variant 66G allele and participants with the MTRR 66AA genotype is greater in the optimal compared to deficient or marginally deficient riboflavin status categories.
With respect to vitamin B6 status, it was similar in our study to other studies from Northern Ireland (McKinley et al. 2001) or Germany (Wolters et al. 2003 ) based on EASTAC determinations. Our results also suggest that folate and cobalamin, and to a lesser extent, vitamin B6, become limiting factors in tHcy regulation when riboflavin status is replete and support previous reports of crosstalk between these vitamins affecting homocysteine regulation. A Norwegian study of a healthy population aged 60 years or more reported that vitamin B6 status was inversely associated with tHcy in carriers of the MTHFR 677C[T polymorphism and that the association was enhanced when riboflavin status was high (Hustad et al. 2000) . A Northern Irish study reported that vitamin B6 supplementation was associated with a reduction in tHcy in participants that were folate and riboflavin replete (McKinley et al. 2001) . We extend this knowledge with our finding that vitamin B6 status also plays a role in the effect of the MTRR 66A[G polymorphism on tHcy.
Our data suggest that the proportions of substrate and cofactor available play a determining role in the effects of the variant enzymes on tHcy. Previous in vitro experiments may provide the mechanisms to explain this. The variant MTHFR 677T allele codes for an enzyme with lower affinity than the wild-type enzyme for its flavin cofactor (Yamada et al. 2001 ) that may therefore require a higher FAD concentration for catalytic activity. Folate and riboflavin appear to affect MTHFR enzyme activity by different mechanisms. Folate binds to the catalytic domain and by altering the interaction between the regulatory and catalytic domain could stabilise the binding of FAD to MTHFR and slow down the rate of flavin dissociation (Guenther et al. 1999) . However, if the reduced catalytic activity in the variant enzyme is overcome in riboflavin replete subjects due to increased cellular FAD content, this might explain why folate status was no longer important in predicting tHcy in subjects with the variant enzyme that were riboflavin replete. The increased tHcy, or tendency for increased tHcy, observed in the presence of the MTRR polymorphisms when riboflavin status is optimal but cobalamin status is low may be explained by alteration in either the catalytic or chaperone functions of MTRR.
Firstly, the level of the active cofactor, methylcob(III)alamin, when cobalamin status is low may not be sufficient to fully support MS catalytic activity. Alternatively, imbalance in the cobalamin/riboflavin ratio when riboflavin status is high but cobalamin is low could alter the MTRR-MS interaction and affect MS function. Either of these mechanisms would lead to increased tHcy. They should be tested in future studies that are sufficiently powered to investigate the combination of high riboflavin and low cobalamin status in carriers of the mutant alleles for the MTRR 66A[G or MTRR 524C[T polymorphisms.
Strengths of this study were as follows: (1) it set out to investigate how riboflavin status affects the associations between polymorphisms affecting riboflavin-dependent enzymes and tHcy, rather than focussing on the effect of the substrates for the enzymes alone; (2) it was carried out in a population that was unaffected by mandatory folic acid fortification or B vitamin supplement use as reflected by the relatively low plasma folate concentrations observed compared to other populations; (3) riboflavin status was determined by EGRAC, a functional test of riboflavin status; and (4) strict sample collection and processing protocols were adhered to and procedures optimised to prevent artefacts in tHcy determinations (Hustad et al. 2012) . Reduced statistical power may have been a limiting factor in some of the analyses in genotype-nutrient subgroups relating to the MTRR polymorphisms. Further analysis of combined polymorphisms was not possible due to restricted numbers.
This study shows that riboflavin status plays a critical role in the metabolic effects of common polymorphisms related to one carbon metabolism and sheds further light on the importance of balance in status of multiple B vitamins in alleviating the effects of polymorphisms in genes affecting riboflavin-dependent enzymes.
